NUMERICAL MODELING OF WAVE OVERWASH AT LOW-CRESTED SAND BARRIERS 1 Introduction
Recent researches on breaching of sand dikes (Visser, 1998) and coastal barriers (Gordon, 1992 and Kraus, 2003) all hypothesize on the pre-existence of an on-crest pilot channel. As the water level exceeds the crest, flow through the channel induces the breakout as a result of an erosional process. Such a depression, also known as an initial breach, in coastal landmasses can be artificial for purposes of water management such as improvement of water quality, flood alleviation, etc. It is also natural by elevated water level, waves, geo-technical instabilities, or combination of several agents.
Of those initiating breaching of coastal barriers, wave overwash at endangered portions is one of the most common potential (Latherman, 1981) . Prior to breaching, severe overwash can markedly canalize across the barrier profile and thus aggravates the risk of breakout by overflowing. Furthermore, dimensions of the initial channel created by overwash are requisite for breach modeling since they are important pre-dependencies that govern the following breach erosion process (Kraus, 2003) . Quantitative prediction of overwash is therefore indispensable in the overall vulnerability assessment, and design of protection measures of coastal barriers. Surprisingly, it has been numerous reports on qualitative descriptions of overwash incidents such as by Latherman (1981) but quantitative predictive tools are still lacking. The first only attempt was by Hancock and Kobayashi (1994) and then Kobayashi et al. (1996) , who carried out experimental investigations on the profile evolution and landward sediment transport rate at dunes under conditions of minor to severe overwash. In this study, the averaged overtopping discharge is determined using the existing formulae by Van der Meer and Janssen (1995) with re-calibrated coefficients according to their new experimental data. The transport rate at the dune crest (overwash rate) is then formulated as the product of this overtopping discharge and a constant sediment concentration, though a large scattering was present in their data. The experimental findings were further incorporated in a numerical model of dune erosion by Tega and Kobayashi (1999) . However, the model suffer from spurious oscillations and failed to replicate satisfactorily the measured dune profiles. On the whole, there are several reasons attributed to this model failure. First and most importantly, using the ordinary averaged discharge is indeed inadequate in this regard because it is unable to characterize for the intensiveness as well as discontinuation of wave overtopping. In stead, for purposes of morphological modeling, new elaborated parameters which represents better for the overtopping nature must be used. Secondly, the resulting overwash flow on the crest and along the back of the dune was not modeled. As a consequence, there were no details on the sediment transport rates as well as bed level changes beyond the dune crest. Finally, since the seaward profile is markedly changed under wave attacks, the use of the conventional slope definition for hard structures, such as by Van der Meer and Janssen (1995) , in their overtopping formulations is also questionable, especially in cases of low-crested (subjected to overwash) profiles (see Tuan, 2003 and Tuan et al., 2005) .
In overwash beaches, response of a barrier profile as a whole to storm wave attacks can be distinguished into seaward and landward parts that are associated with two respective acrossshore driving processes i.e. surge erosion, and overwash. Modeling of overwash relies heavily on the specification of wave overtopping from the seaside (see problem schematization in Fig.1 ). In return, overwash imposes a non-zero landward sediment transport rate and thus significantly modifies also the seaward profile, especially on the beach face area. This defers substantially from cases of high beach profiles where there is no or negligible transport in the landward direction. These two above cross-shore processes are therefore well interrelated and must be convoluted in one single model.
In order to form the basis for the development of a numerical model of low-crested sand barriers response to wave attacks, two successive test series were carried out to increase physical insight into wave overwash. Low-crested condition corresponding to moderate to severe overtopping was selected for all the tests. The first series of fixed-bed models aims at the elaboration of wave overtopping as the requisite hydraulic inputs at the entrance crest boundary of the barrier. On the assumption of quasi-steadiness, a set of newly-defined parameters which is closer to the overtopping nature has been defined and formulated. This includes the averaged overtopping time, timecondensing (instantaneous) discharge, overtopping asymmetry, and the temporal discharge variation. A new approach for defining the equivalent slope of low-crested sandy profiles has also been proposed in the overtopping parameterizations. The new slope definition is an improvement over the conventional approach by Van der Meer (1998) . Details on these experimental findings can be found in Tuan et al. (2005) . For purposes of investigating overwash morphological features and generating data for the model calibration, the second experiment was carried out with mobile (sand) barriers of various widths and heights under attacks of irregular waves. Development of the channel across the barrier is the major evolutional feature during wave overwash. The existence of a transition zone and especially the crest front strongly supports the current modeling approach as schematized in Fig.1 .
In this report, details of the second experiment i.e. test conditions, underlying assumptions, and as well as measurement data on the profile and channel development are given. Based on the findings of the both test series, development of a numerical model of wave overwash is then discussed. Overwash flow is computed using the system of shallow water equations with the specified instantaneous time-condensing discharge at the entrance boundary. To resolve numerical difficulties arising from the discontinuation and extreme shallowness of overtopping flow, and especially source terms induced by abrupt bed level variations, an upwind numerical scheme solved in conjunction with the finite volume method (FVM) is employed in the computation. Transport approaches of Van Rijn [1984a, b] and Ribberink [1998] were selected for calculating instantaneous sediment transport rates along the overwash channel. Though this is a 1D approach, the model is still able to calculate the channel lateral enlargement by making use of a semi-empirical morphologic parameter, namely, the growth index that is defined as the ratio of the vertical to lateral growth rate. Theoretically, this parameter is found to depend upon the instantaneous channel geometries and sediment transport exponent. A new characteristic width has also been introduced to represent for the channel as a whole in quantifying the lateral growth.
Modeling of the seaward profile changes has been pursued at great lengths by many researchers (see Schoonees et al., 1995 for a review and comparison). Since it is not the objective of the current research, the model formulations of UNIBEST_TC (Bosboom et al., 2000) is selected for the incorporation. This selection was based on criteria of validity and consistency with the modeling approach of wave overwash as well as the resource availability. A brief review on the formulations of this model is given in section 6.1.
Overwash experiment of sand barriers

Experimental set up
Four model sand barriers of different widths and crest levels were constructed in the long wave-sediment flume at Delft University of Technology (DUT). Figure 2 shows the layout of the experiment. The barriers were built of fine graded sand with median diameter d 50 =122µm and d 90 =165µm. The barrier slopes are 1/10 at the seaside and 1/6 to 1/5 at the inland (lagoon) side.
For sake of the model calibration, the relative fall speed and Froude similitude criteria were selected to derive the model scale relations. Provided the median diameter of prototype sand in the studied area is 300 µm then the model length scale N L is about 20. Irregular wave of standard JONSWAP spectrum was employed in all the tests. Four wave gauges (WHM) were used to measure the incident waves at the wave-board boundary and the toe of the barrier. Wave test programs in association with the barrier dimensions are specified in Table 1 . The initial flume level was at 61cm in all test cases and was refilled after each run. The lagoon level was about 15 cm lower than the upstream and kept as constant as possible during the tests. The initial barrier crest levels were set rather low in conformity with the wave heights at the toe (generally R cs /H mo,toe ≤1) to accommodate the condition of moderate to severe overwash. After each test, the barrier was reshaped and then saturated to promote self consolidation in combination with manual tamping. Samples were also taken to monitor the sand porosity, which was consistently around 40% in all the tests. Each test consists of several runs of 10-20 minutes that were determined at moments of noticeable morphological changes. A minimum duration of 10 minutes is required to assure adequate replication of a desired frequency window. The final run of each test is ended as the barrier crest has lowered to a few centimeters above the flume level to prevent a breakthrough due to undesired overflowing. After each run, the morphological development was measured using a profile follower (PROF) mounted on a moving carriage. The seaward change was profiled and averaged over three parallel lines: two near the side walls and one at the middle of the flume. As the bed level variation at the crest and the back side of the barrier is more complex, detailed topographic measurements were therefore performed with resolutions of 5points/cm along the flume and 1point/(2-5cm) in the transverse direction. 
Preferred overwash channel and underlying assumptions
It was observed during trial tests that a system of several small channels appears in the early phase of wave overwash. However, the existence of this system is transient and there is Water tight wall Transitional sand bed 10 always a tendency towards forming a main (preferred) channel, starting at the back slope of the barrier. The main channel is quickly formed and attracts most of the overtopping discharge. It is worth noticing that this phenomenon in fact, because overtopping occurs as thin water sheets, does follow the nature of overland flows such as surface runoff (see e.g. Marshall et al., 1996) . In field conditions, a preferred channel can be pre-existed as a result of previous overwash or simply a relatively depressed portion in a barrier. The forgoing process that forms the preferred channel is indeed complex. Nevertheless, it is irrelevant to the current study since wave overwash is sufficiently described by the processes after this channel has been present. Because of the above argument, in order to facilitate the experiment, it was decided to notch from the beginning, a potential (initial or preferred) channel at the middle of the barrier (see also Fig. 2 ). In principle, width and depth of this potential channel can be of any appropriate choices as they are amongst input variables that control the development of wave overwash. However, in this case they were determined based on visual observation from trial tests to be as close as possible to the earliest state of the process. In summary, in order to experimentally investigate overwash in a wave flume, the following assumptions should be made:
(1) The prior process forming the preferred channel is negligible, hence without loss of generality wave overwash is modeled starting with a pre-determined potential channel.
(2) Once a potential channel has been formed or pre-existed, the following morphologic development is symmetric.
Though it is plausible, using the flume, to carry out the experiment of barriers with prenotched channels. However, the test results are valid only if the channel lateral enlargement is not hampered by the flume itself i.e. channel breadths must be always smaller than the flume width. This means a test musts stop as soon as the top edges of the channel banks get too close to the flume walls. A safety margin of 10 cm was therefore applied for each side. Because overwash is a short-lasting process and the channel width at the end is relatively small. Therefore this constraint on the flume width can be easily satisfied if one has a good combination of test parameters such as barrier geometries, model scale, and as well as hydraulic conditions. It is followed from the measurement (Appendix A) that the final breadth of the channels still lied well within the safety margin. Moreover, the lateral development of the channels was rather symmetric. These results therefore do support the validity of the experiment.
Response of low-crested lagoon barriers to wave attacks
Observations from the experiment indicate that a low-crested barrier profile in response to wave attacks can be characterized by the following evolutional zones. Figure 3 depicts the relative positions of these zones on both the profile and the plan view. The zoning is essential for the understanding of the morphological process of wave overwash as well as modeling approach.
(1) Zone of the deposition delta (fan): this zone is formed around the inland water level by deposition of sediment brought in from the upstream. The sediment spreads over the channel breadth, shaping a symmetric fan-like delta. If dynamic loads on the inland (lagoon) side of the barrier are inconsiderable then the deposition of this delta is largely governed by the downstream water level.
(2) Zone of the overwash channel: erosion induced by overtopping flow mostly takes place along this channel zone. The channel plays a major role in the evolutional process of wave overwash. Starting from the inland slope, this zone gradually expands seaward and takes over the barrier crest.
(3) Transitional zone: this is a transitional location on the barrier crest where overtopping flow is critical and almost has no capacity of carrying sediment. The rate of bed level changes is therefore rather low and the crest level remains nearly constant till the collapse of this zone. The sea-most edge of the crest, named as the crest front hereinafter, acts as a sill that controls the input amount of wave overtopping. It plays an important role in the present model, providing a unique connection between the two across-shore driving processes. The transitional zone is gradually shrunk down to a sharp crest front as the overwash channel expands seaward and meets the upstream crest boundary.
(4) Zone of seaward profile response: this part of the barrier profile is known as the erosion profile with the twin segments i.e. erosion and deposition. However, unlike the conventional dune erosion profile, due to frequent overwash, there exists no scarp but instead a rather gentle slope in the beach face area.
As a whole, the barrier response can be distinguished by three successive stages, namely barrier narrowing, transition, and crest lowering. In practice, depending on wave and water level and conditions, overwash can be ended at any of these stages. In the current model it is stipulated, regardless of on-going wave attacks, that overwash is ended as soon as the water level at either side of the barrier exceeds the crest. This is because once breaching occurs, wave is only a secondary factor in the breach erosion process driven by a water head difference. Qualitative description of the morphological process of these stages is given in the following. Since the seaward profile response is not of interest in the current study, more emphasis is therefore given on the landward part.
In the first stage the barrier profile is retreated on both sides as a result of the two across-shore transport processes i.e. surge erosion and overwash. Figure 4a depicts the evolution of this stage, in which channel enlargement and reduction in width of the barrier crest are the major evolutional features. The overwash channel widens rather fast and symmetrically, whereas the vertical growth is at a smaller speed. The cross-section of the channel is generally trapezoidal. As the side slopes become unstable, bank avalanching is also occurred but quickly washed away by the flow. Besides the enlargement in cross-sectional area, the seaward expansion of the channel is also notable. This leads to, in combination with the landward retreat by surge, a marked narrowing of the barrier profile along the channel axis. As aforementioned, the crest front is also an important morphological feature that controls the amount of wave overtopping. In this first stage it migrates landwards as a result of the beach face erosion. In addition, because of weak transport capacity of the flow at the transitional area, the crest shows a little change in elevation. At the end of the stage, the transitional zone reduces to a sharp crest front and the seaward expansion of the channel also ceases. The position of this sharp crest front on the profile depends upon the retreat rates on both sides of the barrier. However, it generally situates on the seaside because of a relatively fast seaward expansion of the overwash channel.
The crest front remains nearly unchanged both in position and level throughout the next i.e. transition stage (Fig. 4b) . The overtopping rate is therefore almost the same as in the previous stage. Whereas, the inland slope becomes milder as the channel has reached the upstream boundary. As a consequence, the channel vertical growth appears to slow down. However, this transitional stage is relatively short and ended as the existing sharp crest front from the previous stage starts to displace.
In the last stage i.e. crest lowering (see Fig. 4c ), continuation of the channel expansion causes the crest front to progress seawards and markedly decline. Wave overtopping therefore becomes increasingly intensive and less discontinuous. For this reason, the overwash channel continues to grow sharply in both directions. Moreover, a considerable amount of suspended sediment, which is entrained from the seaside, enters the channel. This landward transport significantly mildens the beach face slope of the seaward profile. On the inland side, the bed slope also gets more gentle, especially near the delta area. It notes that the sharp increase in size of overwash channels even at the end is in contrast to the case of breaches induced by overflowing, where channels evolve gradually towards equilibrium states due to gradual neutralization of water head differences.
By definition, the final stage as well as overwash is ended as the remaining crest front has receded to the sea level. In other words, wave overwash has eventually cut through the barrier at the sea level, creating a pilot channel ready for a possible barrier break-out.
At the end of the final stage, if there exists a water level difference between the two sides of the barrier then wave overwash is immediately followed by a breach erosion process through the newly-created pilot channel. Wave, if still continued, may partly contributes to this process, depending upon its relative angle of propagation with the breach flow. In case of coastal lagoons, after-overwash breaching of barriers is most probably initiated by superelevation from the lagoon side. However, this is a process by another driving forces and thus not discussed in the current report.
Figure 3 Overwash evolutional zones of the barrier profile 4 Characteristics of overwash flow and sediment transport mode
Preceding PIV study on wave overtopping a trapezoidal structure by Stansby and Tong Feng (2004) confirms that overtopping flow on the crest and along the landward slope is a simple boundary layer flow. It was also showed in their measurement that the flow at the crest is critical, which is in agreement with the hydraulic principles of steady flows. Likewise, overwash flow is also critical at the barrier crest (transitional zone) and becomes more intensive along the channel on the back slope. The flow is discontinuous and concentrated in a duration less than one wave period. Its discontinuation and intensiveness can be characterized by the instantaneous time-condensing discharge (Tuan et al., 2005 ). An extreme feature of the flow is that, on steep slopes, it can be very shallow (several centimeters) but rather high velocity (meters per second).
Though no measurement on the boundary shear stress and thus Shield parameter was made to have a firm conclusion on the flow condition and sediment transport mode. However, as aforementioned, it is expected to be a sort of simple boundary layer flow without strong turbulence-generated mechanisms (sediment stirring). Moreover, visual observation from the experiment indicates sediment was transported in a dense layer above the bottom. It is therefore presumed that sediment transport in wave overwash is occurred under sheet flow conditions, in which bed load is presumedly the principal mode. It was also observed that there is a certain amount of pre-suspended sediment containing in overtopping water before entering the barrier crest. Its existence is clearly seen as elevated segments at the transitional zone (deposition because of weak transport capacity at this location) as shown, for example, in Fig. A .5-OW4. This amount of pre-suspension is negligibly small in the early periods and subsequently becomes more considerable when the barrier crest gets lower.
Lateral growth of overwash channels
Breach lateral growth
1-D (vertical) modeling of breach morphology requires an extra morphologic relation to predict the rate of lateral growth in relation with other governing parameters. This relation is often based on geometric argument or morphologic features of the breach channels.
Visser (1998) proposed a linear relation as seen in Eq.(5.1) between the lateral and vertical growth rates of a breach in a sand dike caused by water level overtopping. The relation is in fact based on a simple geometrical argument of the trapezoidal breach cross-section, assuming a dominating erosion rate in the lateral direction. A good agreement in the increase of the breach width was found with his measurement data.
where Z b is the level of the breach bottom that also controls the flow rate through the breach, B t is the top width, γ 1 is the critical angle of the side slopes.
Under a morphologic constraint that a breach will approach equilibrium, Kraus (2003) derived an analytical model of coastal barrier breaching, in which the breach evolves exponentially from initial width and depth towards an equilibrium state as described in the following Eqs. (5.2) and (5.3). An idealized rectangular channel cross-section is presumed:
where B and h are width and depth of the breach channel, respectively, notations with subscript e correspond to equilibrium values. Q s,max and Q b,max are constant maximum transport rates along the sides and the bottom of the breach, respectively. L is the length of the breach.
However, use of the above equations turns out to be qualitative since it requires estimates of the equilibrium breach dimensions and the maximum net transport rates along the breach.
General equation for the channel growth and the channel characteristic width
Bed level changes induced by currents are often modeled by solving the conventional equation of mass conservation, in which space-and-time-varying sediment transport rates have to be known. When flow confines in a channel with also erodible banks then changes in bed level and width must be both appeared in the equation as follows:
in which q s is the sediment transport rate through an unit width of the channel, p is bed porosity. It is assumed also a trapezoidal channel cross-section, of which B h and B d are the depth-averaged widths over the channel depth (h) and water depth (d), respectively, b is the bottom width, γ is the side slope (see Fig. 5 ).
However, Eq. (5.4) is just a point-wise equation that does not present the morphological development of the channel (increases in depth and width) as a whole. Moreover, it is desirable to describe the lateral growth using a specific width that can be characterized for the whole channel, especially in cases of strong bottom variations where B h , B d , and b are markedly varied. For this purpose, integration of Eq. (5.4) with respect to x over the entire channel length L reads:
It is noted that B h , B d can be varied along the channel as proportional to the channel depth h and water depth d, respectively.
is further simplified:
where V c is the accumulated channel volume, B v is the volume-averaged width, which is used from now on as a characteristic width in describing the rate of lateral growth. B v generally approximates to B h and equals B h in case of regular channels.
Insertion of Eq. (5.9) into Eq. (5.8) and dividing the equation with the channel length L yields the following general equation of channel growths: 
Eq. (5.10) or Eq. (5.11) is of the same form as Eq.(5.4) but written for the whole channel.
Relation between vertical and lateral growth rates
Eq. (5.10) or Eq. (5.4) contains two unknown variables i.e. growth rates in vertical and lateral directions. To resolve this dilemma, as aforementioned an extra relation between these two unknowns is necessary.
Channel growth index
For sake of facilitating the solution of Eq. (5.10), a growth index which is defined as the ratio of vertical to lateral growth rate as follows:
where K vl is the channel growth index. Visser (1998) implicitly assumes a constant value of K vl throughout the breach erosion process as can be deduced from Eq. (5.1):
The analytical model by Kraus (2003) suggests dependencies of K vl on both instantaneous and equilibrium channel geometries (width and depth), and constant maximum transport rates through the breach. (1 ) /(1 ) ,
Growth index of overwash channel
Measurement data on the channel development shows significant variations of K vl amongst tests and also within runs of a test (see Table 2 ). Therefore, a constant growth index as .17) is also inappropriate because of additional unknown quantities to be estimated empirically. If one assumes that the vertical and lateral growths are respectively originated from the net transport rates along the bottom and sides of the channel, then Eq. (5.10) or (5.11) can be split up into two separate equations: 
where notations with subscripts 0 and L means values at the beginning and end of the channel, respectively.
Since the pre-entrained sediment content (before entering the channel) is negligibly small i.e. Q s,b0 ≈0 and Q s,s0 ≈0, and the largest transport rate occurs at the end of erosional channels, therefore Eq. (5.19) can be rewritten: The maximum transport rate at the end of the channel can attain its equilibrium value if the flow length is sufficiently long (see Visser, 1998 expresses a ratio of sediment transport potential of the bottom to the sides concurrently induced by a flow. Therefore, the determination of the growth index K vl turns out to be the investigation of this ratio in a sense of transport potential. As overwash sediment transport is presumedly occurring under sheet flow conditions, bed shear stress and initiation of motion are the major factors that stipulate transport capacities of the bottom and the sides. The total transport rate is therefore of the following general form (see Nielsen, 1992 , Sections 2.3, 2.4):
where n is the dimensionless transport exponent of the order of 1.5, M is a dimensional transport coefficient, τ b and τ b,c are bed shear stress and critical bed shear stress, respectively. 
in which h is a water depth, θ cr is a critical Shields parameter, I is the surface gradient which approaches the bed slope tanβ at the end of the channel, d 50 is the median diameter of sediment, s is specific density.
Assuming a conservation of the net transport volume of sediment between the trapezoidal cross-section (bottom width b, side slope tanγ, and depth h) and the equivalent rectangular cross-section (characteristic width B v , and depth h), the overall transport rate along the bottom and sides of the channel reads:
where Q s , Q b , and Q B are transport rates along the sides, bottom channel width b, and characteristic width B v , respectively.
Using Eq. (5.21), overall transport rate through the channel Q B is:
Assuming a linear distribution of bed shear stress from the water surface (z = h L ) to the
in which γ is slope angle of the sides, Z cr,b and Z cr,s are levels above the bed determined according to critical bed shear stresses at the bottom and the sides, respectively.
where k β and k γ are factors accounting for effect of the longitudinal (β) and transverse (γ) slopes on critical Shields parameter, θ cr,0 is the critical Shields parameter on a horizontal bed.
The ratio of transport potential of the bottom to the sides Q s,b / Q s,s reads: 
It is followed from Eq. (5.20) that ,0
, ,
Using a linear relation by definition, a semi-empirical equation determining K vl is of the form:
where a 1 and a 2 are dimensionless coefficients to be calibrated.
The coefficient a 2 depicts how the channel grows initially. Since flow does not confine well in the initial (preferred) small channel so h L0 << B v0 , Z cr,s =Z cr,0 = h L0 , and K vl ≈ 0 at the beginning.
It is therefore followed from Eq. (5.31) that a 2 ∼ (n+1).
Regression analysis using measurement data on K vl and channel geometric parameters (see Table 2 and 
In steep bed channels when Z cr,0 ≈ Z cr,s ≈ h L (see Eqs. (5.26)), Eq. (5.32) reduces to: It should be noted that K vl ≥0 by definition does not mean the channel bed must be eroded everywhere, instead it can be accreted locally but is eroded as a whole.
An interesting implication on the channel growth can be deduced from Eq. (5.33) that apart from the power of transporting sediment (exponent n), geometric factors considerably affect how the channel grows e.g. a flatter cross-section (large B v /h L ) tends to have a stronger lateral growth and vice versa. Equally, a cross-section of steeper side slopes (a larger tanγ makes smaller cosγ) also slows down the vertical growth because more bank collapse feeds extra sediment into the flow. As mentioned before, it is required to integrate into one single package the two across-shore transport processes associated with the two parts of the profile. The ultimate goal is to develop a model that can predict the instantaneous (through a time step of one to several wave cycles) profile response of low-crested barriers to wave attacks. From perspectives of validity and consistency with the outcome, a chosen model for the seaward cross-shore transport must be of time dependent processes. In other words, it should be able to compute the instantaneous across-shore quantities, which are relevant inputs to the overwash modeling on the landward side, such as wave parameters, and consequently transport rates and bed profile. For this reason and because of resource availability, the model approach of UNIBEST-TC has been selected. A brief description of the model is given in the following. For details on the formulation, it is referred to Bosboom et al. (2000) .
Description of UNIBEST-TC model
UNIBEST_TC (Time-dependent Cross-shore transport) is a process-based model that is capable of predictions of short to mid term evolution of cross-shore profiles under combined action of waves and currents. The model is composed of several major cross-shore sediment driving processes such as undertow, wave asymmetry, gravity and mass-flux below wave troughs. On the whole, it consists of five sub-models as given hereinafter. An overview of their relations is shown in Fig. 7 .
• Wave propagation model • Mean current profile model (undertow)
• Wave orbital velocity model • Bed load and suspended load transport model
The wave propagation (wave energy decay) model is primarily based on the equations of time-averaged wave energy balance as proposed in Battjes and Janssen (1978) . In addition, the roller model of Nairn (1990) is incorporated for the improvement of wave set-up.
The model principle follows a three-layer approach as proposed in De Vriend and Stive (1987):
• The trough-to-crest layer, through which the mass flux is transported. This layer also imposes a force boundary (compensating effective shear stress from wave decay and wind stress) on the middle layer hereinafter.
• The middle layer, from the mean water level down to the bottom wave boundary layer.
• The bottom wave boundary layer.
The model distinguishes two modes of transport viz. the suspended load above the bed and the bed load. In order to determine the mean current profile of the undertow, a set of horizontal momentum balance is solved in combination with an eddy viscosity model (zero turbulence model). The mass flux and the compensating shear stress at mean trough level are modeled according to De Vriend and Stive (1987) supplemented with the surface roller effect in breaking waves given by Nairn (1990) . An parabolic distribution of the eddy viscosity is assumed so that an analytical velocity profile can be derived. The eddy viscosity is expressed as the product of a shaping function and a depth-averaged eddy viscosity term (a scale factor), which differs from the middle layer to the bottom boundary layer. The depth-averaged eddy viscosity can account for effects of turbulence from various sources such as wave breaking, slope-driven and wind-driven currents, and increased turbulence in the wave boundary layer. The standard convection-diffusion equation is used to compute the concentration profile, in which the reference concentration is determined according to Van Rijn (1984b) . The instantaneous local suspended transport rate is then computed by integrating the product of the mean velocity and sediment concentration from the bed load layer to the mean surface level.
The generalized formula of Ribberink (1998) is used to determine the local instantaneous bed load transport rate, for which the instantaneous effective bed shear stress is required. For the computation of this stress, a time-series near-bed velocity signal (orbital motion) due to nonlinear short waves and long waves related to wave groups is generated according to Roelvink and Stive (1989) . UNIBEST-TC has been calibrated and verified using large data sets from laboratory experiments as well as field measurements. To the authors' knowledge, it is probably the most advanced and complete process-based model of cross-shore transport.
Basic formulation of overwash modeling
Following the standard procedure, modeling of wave overwash first requires the computation of the flow on the crest and along the back slope of the barrier. The resulting flow is then used for the calculation of sediment transport rates and channel development. An essential part in this modeling chain is the specification of the instantaneous hydraulic and sediment inputs at the upstream boundary i.e. the crest front (see Fig. 4 ). Figure 8 demonstrates the aggregate flow-chart of the computation. The computation is ceased as the barrier crest has lowered to a predefined level which is specified later and is generally closely above the water level on either side of the barrier .
Flow modeling
In general, overwash flow is unsteady, very shallow, and discontinuous, which often induces numerical errors in ordinary computational schemes. Moreover, flowing over terrains of abrupt variations in bed slope even worsen the intricacy of the problem. Fortunately, recent developments in upwind schemes solved in conjunction with the finite volume method (FVM), which were originally introduced in gas dynamics, have provided great means to overcome such difficulties. Numerical schemes of these types are conservative and therefore able to deal with the presence of discontinuities. Among those, Roe' approximate Riemann solver has been very successful in resolving many problems of shallow water flows. For the foregoing reasons, this method is adapted in the present study. Source terms arising from friction and bed slope gradient are also up-winded in conformity with the scheme according to the method of Vazquez-Cendon (1999) . Infiltration through the bed is neglected as it is assumed that prior natural activities such as rain, seepage and capillary effect due to high water levels, etc. have caused the barrier to be saturated.
Numerical discretization
One-dimensional unsteady flow of water in a channel of slowly varying cross-section is governed by the Saint Venant equations (Cunge et al., 1980) . For flows in prismatic channels of arbitrary cross-section, the equations in conservative forms read:
with conserved vectors U, F(x,U), and source term vector S(x,U) arising from bed slope and friction:
in which A is the wetted cross-sectional area, Q is the discharge, S bx and S f are bed slope and friction slope, respectively, I P is a hydrostatic pressure force term acting on the wetted area. 
An exact solution to Eq.(6.6) is too complicated and impractical and approximate Riemann solvers are therefore favorable. Here the first-order Roe's approximation is employed to determine the boundary numerical fluxes. Detail of the elaboration can be found in Toro (1997) . Basic formulation of this approach is summarized in the following. To be in consistent with Eq. (6.7), the source terms in Eq. (6.1) have to be also discretized in such a way that the conservation properties of the scheme are well satisfied. In VazquezCendon (1999) , it is shown that this can be best achieved by up-winding also the source terms. Eq.(6.5) now becomes: 
in which A , bx S , and f S are Roe averages at a computed cell.
Since the numerical scheme is explicit, its stability is therefore conditional according to:
where CFL is the Courant number, λ max is the maximum propagation speed of shock waves.
Determination of the hydraulic inputs at the upstream boundary
The hydraulic condition at the upstream crest boundary, specifically the crest front, is prerequisite for the flow computation using the numerical scheme e.g. Eq. (6.12). This includes, in principle, only two of the three basic flow parameters i.e. discharge, water depth, and velocity, which are also the overtopping quantities at this boundary. As the flow is presumedly critical (Stansby and Tong Feng, 2004) at the transitional zone before entering the channel, the overtopping discharge is thus sufficient for this purpose. Wave overtopping, after all, depends upon wave and water level as well as barrier geometric conditions on the seaside, which are the output from the model of the seaward profile evolution.
Because the ordinary averaged discharge does not represent for the intensiveness and also discontinuation of wave overtopping. In stead, a newly-defined parameter i.e. instantaneous time-condensing discharge, which is physically closer to overtopping nature, has been proposed (Tuan et al., 2005) . This discharge has a triangular distribution as showed in Fig. 9 which is characterized by the asymmetric and time-condensing factors. The ordinary averaged discharge now just plays as an intermediary parameter. 
in which q cd (t) and q cdmax are the instantaneous time-condensing discharge and its peak, respectively, q is the ordinary averaged discharge, t ovt is the averaged overtopping time, δ is the asymmetric factor, F cd is the time-condensing factor. 
where T m is a characteristic wave period (T m-1,0 is used here as recommended in Van Gent, 2001 and Tuan et al., 2005) , R cs is the freeboard of the barrier crest front, H mo is the zeroth moment (significant) wave height at the toe position where the water depth equals the deepwater incident wave height,
is the fictitious wave steepness, tanα is the newlydefined equivalent slope based on the shape of the profile and the slope tuning parameter η (see Tuan et al., 2005) , a 1 and a 2 (distinct amongst equations) are tuning-associated calibrated dimensionless coefficients.
It is worth noticing that the above overtopping formulation is only valid for low-crested profiles, which satisfy the relative freeboard condition, i.e. 
Figure 9 Time-condensing discharge
Knowing the discharge, the overtopping depth at the entrance boundary (transitional zone) can be deduced according to the critical flow condition:
where h ovt is the overtopping depth at the entrance boundary to the channel.
It should be noted that in the flow computation, a dry bed is treated as an extremely small layer of water e.g. d = 10 − 6 m.
Swash sediment transport boundary
In the swash zone, the foregoing basic formulation of the undertow becomes invalid. At present, swash motion on the beach face and thus sediment transport mechanism is still not well understood. For this reason, most cross-shore transport models prefer a simple approach, assuming a linear decrease of the net transport rate from a seaward point of the swash zone up to the run-up limit or the crest point. By definition, the transport rate is equal to zero at the crest point, i.e. no landward directed transport (see Fig.10a ). This assumption seems to work rather well in case of high beach profiles where no overwash occurs.
Figure 10 Swash transport distributions with and without overwash
On low beaches (subjected to frequent overwash), observation from overwash experiments (see also Kobayashi et al., 1996) , on the contrary, indicates overwash imposes non-zero landward transports not only at the crest but also at locations in the swash zone around the crest level. The presence of overwash substantially mildens the beach face slope of the seaward profile. The physical explanation for this is due to the crest shortage a certain amount of sediment that is brought over the crest during wave uprush never returns during backwash. Moreover, as beaches are low-crested backwash transport becomes weaker and thus swash asymmetry is considerably enhanced. Consequently, the net transport rate is landwards directed at some upper locations. Following also the linear approach, the net transport distribution in the swash zone in case of overwash is shown in Fig.10b . In case of weak overwash transport (q ovw ≈0), the biased trapezoidal distribution automatically reduces to the conventional one.
Sediment transport in wave overwash
In light of sheet flow conditions, overwash transport rates is probably best related to some power of the bed shear stress or Shields parameter (see Ribberink, 1998 for a review). However, there exists in the literature some ambiguity with respect to the principal mode of transport under sheet flow conditions (see also Masselink and Hughes, 1998) . It is therefore useful, in the current model, to investigate the applicability of respective approaches, i.e. overwash transport as the bed load and as the total load. The formulations of Van Rijn (1984a, b) and Ribberink (1998) are selected for this purpose.
Retaining distinction between bed load and suspended load, Van Rijn (1984a, b) develops an approach for the total load transport as the summation of these two transport modes. The formulation was tested with a large number of experimental data from the field and laboratory. Details can be found in Van Rijn (1984a, b) . Considering bed-load alone, Ribberink (1998) , based on a large amount of laboratory data of sediment transport under both steady and oscillatory unsteady currents, proposes a general bed-load transport formula, which is valid for a wide range of Shields parameter (θ = 0.07÷7).
For sake of consistency with the concept of the channel growth index, this transport approach is briefed as follows:
( ) in which τ(t) is the instantaneous bed-shear stress, f c is the friction factor, u(t) is the stream velocity.
It is noted that Eq. (6.22) is actually a specified form of Eq. (5.21), which is used for the foregoing elaboration of the growth index K vl . It is interesting that the transport exponent found in that work (n = 1.73) approximates to one specified in Eq. (6.22) i.e. n = 1.65.
Determination of the friction factor in Eq. (6.23) is a difficult task. In overwash situation, the flow is treated as quasi-steady and hence it is probably appropriate to estimate this factor using the concept of the boundary layer flow (see e.g. Hughes, 1995) .
Where κ (=0.40) is the von Karman constant, k s is the Nikuradse roughness, and d is the boundary layer thickness that is assumed to cover the entire overwash depth.
The friction factor according to Eq. (6.24) is time-and-space-varying as a function of the local water depth. However, at some locations where the overwash depth is too shallow (in the order of centimeters) and the flow velocity is relatively high, Eqs. (6.23) and (6.24) produce unrealistically large mobility parameter. In those problem areas, a fixed maximum value of the friction factor (f c = 0.005∼0.010) is applied.
Bed level changes and increase of channel width
Substitution of Eq. (5.15) into Eq.(5.11) yields the following equation describing the increase of channel width B v :
Because it is assumed that the net transport volume of sediment is conserved between two cross-sections (see Eq. (5.23)), the time-dependent increase in cross-sectional area i.e. the right side of Eq. (6.25) can be calculated as below, instead of its original defining Eq. (5.14).
where q s,0 and q s,L , are the sediment transport rate per a unit width at the beginning and the end of the channel, q s * =(q s,L − q s,0 ) is the net transport rate over the channel.
Eq. (6.25) now can be rewritten:
( )
Since the growth index K vl is fully determined using Eq. (5.32) or (5.33), the above equation is a genuine partial differential equation with respect to the variable B v that can be solved numerically using a discretized form below:
B t q t B t t B t t p h t K t B t L t
where t j is a previous time level, ∆t is a computation time step.
Updating of new bed levels (at t j +∆t) is done just by following a point-wise equation i.e. a slightly modified form of Eq. (5.4):
where B h and B d can be calculated via use of the characteristic width B v :
A discretized form of Eq. (6.29) is as follows:
B h x t t B h x t t q B x t q B x t p x
+ − + ∆ = ∆ + − − ∆ (6.31) Consequently, the new bed level at a computed node i is:
Z x t t Z x t h x t h x t t
Because a continuity of the transport rate between two parts of the barrier profile is assured by the new swash transport distribution as shown in Fig.10b . Therefore, the updated level of the crest point can also be computed via Eq. (6.31), utilizing one transport node on the beach face.
It notes that in case the channel is sufficiently wide B d ≈ B h ≈ B v , then Eq. (6.29) and thus Eq.
(6.31) reduce to the conventional equation of mass conservation.
The geometric condition on which a channel is considered wide in the computation of wave overwash is discussed later in Section 8.
To avoid abrupt transitions of the bed profile, a numerical smoothing measure is applied to the newly updated nodes from Eqs. (6.31) and (6.32) (see e.g. Horikawa, 1988 and Steetzel, 1993) :
where ψ is a numerical smoothing factor that implicitly depends on the rate of bed level changes. The factor is in the range of 0.01∼0.05 and should be determined from trial computations.
Model calibration and verification
As constructed, the model is composed out of two inter-related process components, viz. seaward cross-shore transport and overwash. Since the outputs from the former sub-model are the inputs for the latter one, hence calibration effort is first performed on the sea side without effects of wave overwash. The overall calibration with respect to the whole barrier profile is then carried out to determine also parameters of the landward process such as bed roughness, friction factor, growth index, etc. which affect morphology of overwash as well as the beach face area. It should be noted that the calibration for parameters which determine the internal processes such as overtopping and channel lateral enlargement was actually carried out or mentioned in the previous sections. This phase of the model calibration and verification is therefore essentially related to specific process outputs i.e. barrier profile evolution and channel development. The first two tests are used to calibrate the model parameters, whereas the remaining two are for verification.
Seaward profile response
Numerous calibration efforts have been carried out to improve the performance of the crossshore transport model viz. UNIBEST_TC. Standard values of the process parameters can be found in Bosboom et al. (2000) . In Steetzel (1993) detailed calibration on wave energy decay and swash effect is also given. At this step, the judgement is mainly focused on the profile development of the underwater part since the beach face area is affected by overwash. Numerical simulations of the laboratory tests are made with the basic experimental parameters as specified in Table 1 . Values of some user's input and re-calibrated parameters are given below:
• Wave-related roughness RW =0.01m
• Current-related roughness RC =0.01 m • Bed porosity p=0.40.
• Battjes turbulence viscosity coefficient FCVISC=0.05
• Median sand diameter d 50 = 125 µm, fallspeed W s = 0.012 m/s
Channel enlargement and overall profile response
In this section, factors that affect the model performance are investigated. These include the swash net transport distribution, the slope tuning parameter, side discharge contribution, and the characteristic wave period T m-1.0 .
Swash transport distribution
One essential element that affects the beach face slope and hence also the inputs to the overwash modeling is the distribution of the net transport rate in the swash zone (see Fig.10 ).
To judge whether the new adjustment (Fig.10b) is really more appropriate, the beach face changes of two typically low-crested tests are simulated using each of the two above distributions cases. The comparison between the observed beach faces and the simulation results for the tests OW2 and OW3 is shown in Fig. 11 . It is obvious that the biased trapezoidal distribution generally give better predictions for the beach face geometry. 
Effects of the slope tuning parameter
For the empirical determination of overtopping parameters, a new slope definition that incorporates also effects of wave period is proposed in Tuan et al. (2005) . This slope is proved to be really appropriate to low-crested sandy beaches on shallow foreshores. The instantaneous equivalent slope of a beach profile is determined in an explicit form as:
in which m is the equivalent slope used in the overtopping calculation, m s and m b are the submerged (below water) and beach (dry) slopes, respectively, H mo is the zeroth moment wave height at the toe, s m is the fictitious wave steepness based on H mo and the spectral period T m-1.0 , and η (0.1 ∼ 0.5) is the slope tuning parameter.
Because the slope tuning parameter is an implicit dependency in the overtopping formulation, hence one can tune within the favorable range (between 0.1 and 0.5) to explore its effects on overwash morphology. Generally speaking, a smaller value of this parameter introduces larger extents of crest lowering and channel enlargement and vice versa. Figures 12a and 12b respectively show the tuning effects on the final channel width and crest level of the model tests. The observed final crest levels are averaged over the channel breadths. It appears from the figures that the tuning is most sensitive to the increase of the channel width. The parameter values between 0.40 and 0.5 gives the best agreement with respect to the final channel widths, whereas the crest levels are slightly better predicted with smaller values such as 0.10 and 0.20. However, this improvement in the crest level is indeed insignificant (see Fig.12b ). On the whole, as the overall visual fitness is also considered, the tuning value η=0.40 seems to be the most appropriate. 
Side discharge contribution
In the present one dimensional approach, a relatively depressed portion in a sand barrier, where overtopping takes place, is schematized as a single channel of trapezoidal or rectangular cross-section. However, in reality, waves may also overtop at subordinate higher parts, which are adjacent and slope to the channel. This can contribute a certain amount of overtopping to the main stream. This side contribution can be accounted for by simply adding it to the main flow: where the flume width equals 0.80 m.
It can be deduced from Eq. 7.3 that at early moments of the flume tests when B v is still relatively small, the side discharge contribution is very considerable.
Effects of the characteristic wave period T m-1.0
In previous works (see e.g. Tuan et al., 2005) , the spectral period T m-1.0 is considered most appropriate for the empirical calculation of wave overtopping since it can account for the effects of energy spectral transformation in shallow water. However, accurate prediction of T m-1.0 using a frequency-evolutional model is too complex and impractical to incorporate in the current model. On foreshores which are not too shallow i.e. spectra are not flattened out, T m-1.0 can be adequately related to T p via a fixed conversion factor. In Van der Meer (2002) , T p = 1.10T m-1.0 is recommended for clear peak spectra with known T p . Though it is uncertain to conclude whether this conversion is reliable with respect to the exact value of T m-1.0 , however one can investigate its appropriateness in terms of the present model outputs. Fig. 13 . It is obvious that longer wave periods (smaller conversion values) cause more erosion. In general, the channel bed and especially the deposition delta are the most sensitive. It can be concluded that the relation T p /T m = 1.10 also appears to be the most appropriate.
The transport exponent
The transport exponent n plays a role in quantifying the channel development. However, its level of dependency varies amongst the used transport approaches. Because the exponent is absent in the Van Rijn' formulation. Therefore, using this transport approach only the channel width increase is under effects of the parameter, explicitly via by the growth index K vl as determined in Eq. 5.33. It becomes more complex as the Ribberink formula is used to determine the sediment transport rates. The exponent now has influence on both lateral and vertical enlargement of the channel through the growth index as well as the transport rate (Eq. 6.22).
In both cases, because the impact of n given by the index K vl is direct and the most influential. So, the greater value of n and thus also the growth index would generally results in the milder increase of the channel width.
Although n = 1.73 has been found to yield the best fit in the formulation of the growth index K vl (see Fig. 6 ). However, the model outputs using the both transport approaches indicate that n =1.65, which is in conformity with the finding of Ribberink (1998) , gives better agreement with the laboratory data. The formulation of Ribberink, in comparison with the Van Rijn's one, somewhat results in underestimated the channel width and less resemblance with the measured profiles. In order to improve the performance of the Ribberink's approach in the current model, the calibrated coefficients have to be slightly readjusted. From the above analysis, one should reduce the transport exponent while increase the other coefficient (11.0 as original in Eq. 6.22). Results from trial computations suggest that the modified values of the respective coefficients are 1.60 (transport exponent n) and 12.0.
Overall comparison and conclusion
As a whole, Figs. 14 through 17 show the comparison between the model prediction, using the total load formulation of Van Rijn and the general bed load formula of Ribberink (readjusted coefficients), for the barrier profile change and channel lateral enlargement of the tests OW1 to OW4 with those measured in the laboratory experiment. All parameter values that have been determined in previous sections are used for the computation. The transport exponent n is distinctively taken as 1.65 and 1.60 in the application of the two above transport approaches. Besides, the slope tuning parameter η equals 0.40 as the consistent value for both cases. To prevent unrealistic rise of the mobility parameter caused by extreme local shallowness of the flow as previously mentioned, the current-related friction factor in the Ribberink formulation was set to 0.05 as the maximum.
In reference to the qualitative description mentioned earlier in Section 3, it can be concluded from the comparison that the model successfully describes the general tendency of the barrier morphological development under wave attacks with frequent occurrence of overwash. The existence of the crest front as well as the transitional zone is very well replicated. This result strongly supports the model schematization and assumption as mentioned initially. On the whole, good resemblance of the barrier profile evolution with the measurement is found. The crest lowering and the increase in channel width are fairly predicted. Other subordinate morphologic features such as the delta fan also agree well with the measurement. Both sediment transport approaches of Van Rijn and Ribberink seem to be eligible for the overwash prediction. However, in order to enhance the model performance using the general bed load formula of Ribberink, the empirical coefficients including the transport exponent has to be slightly modified. However, the model somewhat over-predicted the rate of crest lowering at the early periods (see also Appendix A, Fig. A.5 ). In contrast, the final crest level is underestimated in the case of runs with very low crest freeboards (see Figs. 14b and 17c ). Such underestimation is attributed to the fact that as the barrier crest at the end gets so close to the sea level. As a consequence, 'overtopping' at this moment is no longer a sort of simple boundary layer flow as originally defined. Instead, it is rather a flow of wave transmission over the crest with high turbulence-generated mechanisms, which causes severe erosion to the barrier (irregular bottoms and scour holes exhibiting in the measured profiles in Figs. 14b and 17c ). This phenomenon, however, goes beyond the current model capability. A constraint should therefore be applied to the lower end of the relative freeboard in order to cease the computation at the right moment. This can be done by making use of the time-condensing factor F cd , which characterizes for the discontinuation of wave overtopping. Reduction of the relative freeboard leads to a smaller value of F cd and thus overtopping is less discontinuous.
It is followed from Eq. 6.20 that 
Sensitivity analysis
In this section, model sensitivity analysis is carried out with respect to the initial width and depth of the channel to further investigate their effects on the overwash development. It also helps determine to what extent a channel is considered wide so as to neglect the lateral growth effects on the profile evolution. The channel initial dimensions appear to be variables in the development of wave overwash. Their effects, as shown quantitatively in the figures, also follow the general rule deduced earlier from the equation of channel growth index (see Section 5.3.2). In short, a flatter initial channel will result in a faster increase in the channel width and depth and vice versa. The simulations also indicate the computed profile with a wider and flatter initial channel stays closer to the wide-channel profile. Therefore, the vertical growth (bed level changes) can be independent from the initial channel geometry as long as the initial channel is wide enough. The comparison suggests a channel is considered sufficiently wide as its width B>>1m and width-depth ratio B/h≥10. When overwash starts with a wide initial channel, the lateral enlargement has negligible effects on the vertical growth. This option therefore can be used in case the barrier crest level is uniform and only the profile changes are interested.
Simulation of overwash initiated breach at Hue lagoon in 1999
The coastal lagoon of Hue stretches over 68 km along the central coast of Vietnam. The lagoonal system is highly dynamic with entrance discharges from six rivers and with two main outlets to the South China sea. The vulnerability of the system to natural hazards is enhanced by its unfavorable geographical conditions. The narrow coastal strip backing with coast-parallel mountain ranges creates a quick response system with respect to river floods. Moreover, the coast situates right in the central active region of tropical depressions and typhoons, which is hit on average twice a year. A tropical storm that strikes the coast in conjunction with cold front results in torrential rain on the upstream catchment of the rivers. Owing to the quick response characteristic, river flood reaches the lagoon site within a day after the storm has landed. Whereas, on the sea side, high wave and surge may be present a day earlier. These two forces are the major cause of the barrier breaching. Depending on storm scales, they are even concurrent. Historical incidents indicate a breach in the sand barrier is mostly induced by river flood overflowing at a weak section. The withdrawal of river flood into the sea is hampered by the alongshore barrier and high sea level. Moreover, prior to storm the release capacity of the outlets has been reduced by sedimentation processes. As a result, high inundation level on the lagoon side is obvious and that causes breakthroughs in the barrier. However, it is evidenced that sea hydraulic conditions such as surge, wave, etc. considerably exaggerate the risk of the breakout. A recent incident is four breaches in the barrier occurred when a tropical storm struck in November 1999. Amongst those, Hoa Duan breach was the largest with final breadth of 700 m and depth of 4∼5m. Earlier field investigations reveal the Hoa Duan beach was suffering from severe erosion. The latest topographic survey before breaching was in late April 1999 (Fig. 20) . The cause of this erosion was not determined but it markedly swept away a large part of the barrier cross section. Eye witnesses claims that one day before breaching the remaining crest width of the barrier was about 50 m. To explore the potential of wave overwash, a cross-section of the barrier just prior to the breach is reconstructed based on the above information. The crest level is considered the most reliable and equals 3.00 m above the mean sea level (see Fig.21 ). The exact shape of the initial seaward profile was not possible. However, it is less important, in comparison with the total effects induced by the storm, and also considering the overall uncertainty of the available data. It is not known precisely how long the storm lasted but it is presumed that the effective duration (with high surge and wave) is less than 10 hours. Though it is uncertain about the reliability of the above data, however it is very likely in moderate storm conditions. Also according to this research, the barrier started to break as the lagoon level was about 2.0∼2.5 m.
With these conditions of the barrier geometry and sea hydraulics, it is evidenced, even in a qualitative way, that heavy wave overwash did occur before the breaching. Quantitatively, the result from the model simulation with an effective duration of 7.0 hours are also shown in Fig.  21 . The computation was done with the wide channel option considering in this case the channel initial dimensions are not known and we are only interested in the profile. It is followed that the barrier had markedly narrowed and lowered (0.80m in 7.0 hours) before the breach actually occurred. The computed final crest level is around 2.20 m, which is somewhat in agreement with the water level at which the barrier started to breach. As a consequence, the risk of lagoon breakout was significantly exaggerated and in fact wave overwash had made the barrier break much sooner. 
Summary and conclusion
A numerical model of wave overwash at low-crested sand barriers has been developed, which is largely relied on the theoretical findings from laboratory experiments of both fixed and mobile model barriers. The fixed bed model tests provide new physical insights into wave overtopping as the hydraulic inputs to the modeling of overwash flow. To be in consistent with the cross-shore processes on the sea side, wave overtopping is described in a quasi-steady way with several new parameters. Amongst those, the instantaneous time-condensing discharge is the most important, which characterizes for the intensiveness as well as discontinuation of wave overtopping. The test series of sand model barriers aims at investigating morphological behaviors of wave overwash and generating data for the purpose of model calibration and verification.
Modeling of the seaward profile changes follows the model approach of UNIBEST_TC with extra modification of the net transport distribution in the swash zone. This new adjustment is necessary to improve the model prediction for the beach face geometry in the case of low beaches, where frequent overwash introduces a non-zero transport rate in the landward direction. Overwash flow is computed using the system of shallow water equations with specified hydraulic inputs at the entrance boundary. To resolve numerical difficulties arising from the discontinuation and extreme shallowness of overtopping flow, and especially source terms induced by abrupt bed level variations, an upwind numerical scheme solved in conjunction with the finite volume method (FVM) is employed in the computation. Transport approaches of Van Rijn [1984a, b] and Ribberink [1998] are both selected for calculating instantaneous sediment transport rates along the overwash channel. For the computation of the channel growth, a new morphologic model is developed, which is founded on the concept of concurrent transport rates along the bottom and sides of the trapezoidal channel cross-section.
In conjunction with this model, a new characteristic width is also introduced to represent for the channel as a whole in quantifying the lateral growth. This channel width is determined based on the instantaneous channel volume, so it can be used for channels of irregular breadth and arbitrary bottom. 1-D (vertical) modeling of breach morphology generally requires an extra morphologic relation to predict the rate of lateral growth in relation with other governing parameters. This relation is often based on geometric argument or morphologic features of the breach channels.
In the current research a semi-empirical parameter, namely the growth index is defined as the ratio of the vertical to lateral growth rate. Interestingly, this parameter is found to depend mainly upon the instantaneous channel geometries and the sediment transport exponent. It is followed from this index that geometric conditions largely affects how the channel grows. A general geometric implication on the channel growth is therefore drawn out. The laboratory data from the sand barrier experiment were used to calibrate the model. It is itivity study with respect to the initial width and depth of the channel reveals wave verwash that was occurred in ed for simulating both f laboratory data. Hence, further
showed that both sediment transport approaches are eligible. However, the empirical coefficients in the Ribberink's formula need to be slightly modified to yield a better performance. Numerical sens that these geometric factors are dependencies in the overwash development. Their effects follow the general implication derived from the equation of the growth index. However, in the case of wide channel, i.e. B>>1 and B/h ≥10, these geometric effects can be neglected.
On the whole, the model successfully replicates the major morphological features of overwash, which are measured and qualitatively described through the laboratory experiment. Good resemblance of the profile with the measurement is found. The channel lateral growth and the shortening of the barrier crest are also fairly predicted. The model is also applied to study a historical event of wave o November 1999 at the sand barrier of the Hue lagoon in Vietnam. Though there exists uncertainty about the reliability of the available data, however the model predicts right the level at which the barrier was reported to start beaching. It is evidenced that wave overwash can significantly exaggerates the risk of breakout of coastal barriers.
In conclusion, the present model has been successfully develop vertically and laterally the sand barrier response under wave attacks with occurrence of moderate to severe overwash. It therefore can be used to study the potential of breaches induced by overwash at low-crested portions in coastal barriers. Moreover, the width and depth of overwash channels, which are regarded as the initial dimensions of beach channels, can also be predicted for the input to breach erosion models. However, the model was tested with only a limited number o data from larger scale model and prototype experiments are still needed for the model calibration and validation. 
APPENDIX A -THE RESULTS OF THE SAND MODEL EXPERIMENT
